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ABSTRACT
The abundance of brown dwarfs (BDs) in young clusters is a diagnostic of star formation
theory. Here we revisit the issue of determining the substellar initial mass function (IMF), based
on a comparison between NGC1333 and IC348, two clusters in the Perseus star-forming region.
We derive their mass distributions for a range of model isochrones, varying distances, extinction
laws and ages, with comprehensive assessments of the uncertainties. We find that the choice of
isochrone and other parameters have significant effects on the results, thus we caution against
comparing IMFs obtained using different approaches. For NGC1333, we find that the star/BD
ratio R is between 1.9 and 2.4, for all plausible scenarios, consistent with our previous work. For
IC348, R is found to be between 2.9 and 4.0, suggesting that previous studies have overestimated
this value. Thus, the star forming process generates about 2.5-5 substellar objects per 10 stars.
The derived star/BD ratios correspond to a slope of the power-law mass function of α = 0.7−1.0
for the 0.03-1.0M⊙ mass range. The median mass in these clusters – the typical stellar mass
– is between 0.13-0.30M⊙. Assuming that NGC1333 is at a shorter distance than IC348, we
find a significant difference in the cumulative distribution of masses between the two clusters,
resulting from an overabundance of very low mass objects in NGC1333. Gaia astrometry will
constrain the cluster distances better and will lead to a more definitive conclusion. Furthermore,
the star/BD ratio is somewhat larger in IC348 compared with NGC1333, although this difference
is still within the margins of error. Our results indicate that environments with higher object
density may produce a larger fraction of very low mass objects, in line with predictions for brown
dwarf formation through gravitational fragmentation of filaments falling into a cluster potential.
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1. Introduction
Brown dwarfs (BDs) are an ubiquitous out-
come of the star formation process. All young
regions investigated so far with sufficient depth
host a population of BDs with masses down to
0.01M⊙ or even below. The mechanism that
governs their formation, however, remains un-
known. It is clear that additional physics needs
to be included in the models for the cloud frag-
mentation and subsequent evolution, to allow
for the formation of a sizable number of BDs
(Bonnell et al. 2007). Plausible options for these
processes include fragmentation driven by tur-
bulence, dynamical ejection of embryonic BDs
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from multiple systems, fragmentation of filaments
falling into a cluster potential, or fragmentation of
protoplanetary disks, again combined with ejec-
tion (Whitworth et al. 2007; Bonnell et al. 2008;
Stamatellos & Whitworth 2009). Young brown
dwarfs are a critical population to test the rele-
vance of these processes.
The standard diagnostic to distinguish between
theoretical scenarios is the distribution of stellar
and substellar masses after star formation is fin-
ished, or the initial mass function (IMF). In the lit-
erature several parameterisations for the IMF are
used, for example a series of power laws (Kroupa
2001) or a lognormal form (Chabrier 2003). For
our goal of determining the abundance of brown
dwarfs, an often used parameterisation of the IMF
is the star/BD ratio R, the ratio of the num-
ber of objects in the two mass bins from 0.08 to
1.0M⊙ and from 0.03 to 0.08M⊙, where the low
mass cutoff as 0.03M⊙ is chosen to assure com-
pleteness. The upper mass limit for the stars of
1.0M⊙ is to some extent an arbitrary definition,
but the relatively small number of higher-mass
stars in the nearby star forming region assures
that this particular choice does not affect the re-
sult much. The star/BD ratio as a metric has the
advantage of maximising the sample size in the
substellar regime and thus minimizing the statis-
tical errors. Because the stellar side of the IMF
is well-determined for the nearby star forming re-
gions and shows, in the overwhelming majority of
regions, no evidence for environmental differences
(Bastian et al. 2010), any variation in the star/BD
ratio from one region to another would indicate a
change in the BD abundance.
Measuring the substellar mass function and the
star/BD ratio is a challenging task. It needs a con-
sistent survey procedure and a careful analysis of
possible incompleteness, but the core problem is
to estimate the masses. This requires one to make
assumptions about the distance to and age of the
region, as well as the extinction law used to dered-
den the photometry or spectra. Furthermore, the
conversion from observed quantities to masses can
only be done in the framework of a given theoret-
ical isochrone and thus depends on the status of
the evolutionary models for young stars and brown
dwarfs.
In previous work within the project SONYC
(’Substellar Objects in Nearby Young Clusters’)
we have presented tentative evidence for regional
differences in the star/BD ratio. In particular, for
the young cluster NGC1333 in the Perseus star
forming complex we find R ∼ 2−3 based on a very
deep survey with comprehensive spectroscopic
follow-up (Scholz et al. (2009), hereafter SONYC-
I; Scholz et al. (2012), hereafter SONYC-IV). For
other regions we and other groups have published
R-values ranging from 2 to 8 (see SONYC-IV).
One of the most extreme cases in the literature is
the cluster IC348, the second embedded cluster in
Perseus and a slightly older sibling to NGC1333
(Bally et al. 2008), with a star/BD ratio of R ∼ 8
(Luhman et al. 2003; Andersen et al. 2008). At
face value, this indicates changes in the BD abun-
dance by a factor of 4 occuring within the same
star forming association. So far, however, the un-
certainties for the star/BD ratio have not been
assessed accurately. The goal of this paper is
to carry out a benchmark test for the two ex-
treme cases NGC1333 and IC348 to verify their
discrepant star/BD ratios.
2. The approach
The core idea of this paper is to determine the
mass distribution and the star/BD ratio for two
young clusters in Perseus and to assess the associ-
ated uncertainties. We will start with consistently
selected samples for the two clusters, i.e. sam-
ples which have been put together in a homoge-
neous way, to minimize the influence of selection
biases and incompleteness. For these samples, we
will then define a consistent way of estimating ob-
ject masses by comparing photometry with a given
model isochrone. In addition to the choice of the
isochrone, the distance to the cluster, the extinc-
tion law, and the age of the region enter as free
parameters into this procedure. We will define
a set of scenarios with plausible choices for these
parameters and different isochrones. We will then
estimate object masses and calculate the star/BD
ratio and other indicators of the mass distribu-
tion for each of these scenarios. This will yield a
useful dataset to discuss the uncertainties in these
indicators and assess whether there is evidence for
regional differences in the substellar IMF between
NGC1333 and IC348.
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2.1. The samples
We use the Spitzer-selected sample of young
stellar/substellar objects presented by Gutermuth et al.
(2009) which includes our two target regions. For
each of the regions, a region of 25′ × 25′ centered
on the core of the cluster was observed. The selec-
tion in Gutermuth et al. (2009) is based on colours
and magnitudes in Spitzer and 2MASS bands from
1 to 24µm. Their multi-colour selection process
uses a series of criteria designed to exclude back-
ground stars, non-stellar emission features and
extragalactic objects. According to their analysis,
this process yields only minimal contamination (a
few percent). An earlier version of this process
was used in Gutermuth et al. (2008) in a survey
of NGC1333. Assuming that the distances to the
clusters are similar, the identical selection proce-
dure also ensures that the depth and completeness
in terms of magnitudes in the two samples is com-
parable. This removes a major obstacle for an
accurate comparison of the BD abundance.
Since the primary selection criterion is excess
emission in the infrared, this sample only contains
objects with emission from circumstellar material,
i.e. either disks or envelopes. It does not include
disk-less young stars and brown dwarfs (Class III
objects). Therefore, to infer star/BD ratios, we
have to make the assumption that the fraction
of objects with disks does not change with ob-
ject mass in the low-mass regime. As recently
shown in Dawson et al. (2013), this is a plausible
assumption for many star forming regions, includ-
ing IC348. For NGC1333, there might be a slight
mass dependence, as the disk fraction in the total
Spitzer-selected sample is found to be 83 ± 11%
(Gutermuth et al. 2008), whereas the value for the
very low mass objects is only 55-66% (SONYC-
IV). This indicates that the star/BD ratio in this
cluster could be slightly overestimated.
The entire Perseus cloud, including the two tar-
get clusters have also been observed as part of
the Spitzer Legacy program ’From Cores to Disks’
(C2D, PI: N. Evans). Their Perseus YSO cata-
logue derived from IRAC photometry is discussed
in detail in Jørgensen et al. (2006). We prefer to
use the Gutermuth et al. (2009) selection, because
it is slightly deeper, which is beneficial for our
purposes. The downside of the Gutermuth et al.
(2009) sample is the limited spatial coverage. Here
the C2D catalogue is useful to check the spatial
completeness of our samples.
In Fig. 1 we show the spatial distribution of the
selected objects in NGC1333 and IC348. With red
squares we plot the samples from Gutermuth et al.
(2009), with black crosses the C2D sample that
covers the entire Perseus region. The figure shows
that the number of YSO candidates outside the re-
gion covered by Gutermuth et al. (2009) is small
compared with the total population. This is par-
ticularly true for NGC1333 which shows a very
compact profile and can be considered to be spa-
tially complete (see also SONYC-IV). For IC348,
there is a tail of a YSO population towards the
south-west, which represents the transition region
to another densely populated area in the Perseus
star forming region (Cambre´sy et al. 2006). In ad-
dition, there are about 10 objects outside the cov-
erage of the Gutermuth et al. (2009) survey. How-
ever, there is also a large number of additional
YSO candidates only contained in the C2D sam-
ple within the cluster core. We checked the objects
only in C2D and found that they do not show an
obvious magnitude or extinction bias with respect
to the sample we are using, thus, even in case we
are missing members in the outskirts of the cluster,
this is not going to affect our analysis in any sig-
nificant way. While Muench et al. (2003) do find
a difference in the IMF between the core and the
halo in IC348, both regions (in their definitions)
are within the survey area of Gutermuth et al.
(2009). We conclude that the samples we are using
are not affected by a spatial bias.
Fig. 1 also illustrates one major difference be-
tween IC348 and NGC1333. The core of IC348 has
about twice the diameter of the core of NGC1333
(2.1 vs. 1.2 pc, Gutermuth et al. 2009), i.e. the
cluster volume in IC348 is about 8 times larger
than in NGC1333. On the other hand, IC348 has
only about 20% more YSOs than NGC1333, ac-
cording to the Spitzer surveys (Jørgensen et al.
2008; Gutermuth et al. 2009). The fraction of
diskless Class III objects is higher in IC348, taken
that into account the total the YSO popula-
tion in IC348 could be up to twice as large as
in NGC1333. This still implies that the object
density in NGC1333 is 4-7 times higher than in
NGC1333. Given the age, size, and number of
members in these clusters, this difference is likely
to be primordial, and not caused by dynamical
3
Fig. 1.— Spatial distribution of YSOs in the two target regions. Plotted are all objects from the
Gutermuth et al. (2009) catalogue with red squares For comparison, we also show the YSO candidate from
Jørgensen et al. (2006) with black crosses. Note that the scale in the two panels is identical.
evolution (see Fig. 1 in Gieles et al. 2012). Hence,
these two clusters constitute an excellent test case
to probe the effects of dynamical interactions and
cluster potential on the formation of BDs.
2.2. Estimating masses
For the overwhelming majority of young ob-
jects, masses can only be estimated indirectly by
comparing an observed quantity with predictions
from theoretical isochrones for a given age. For
the observed quantity, there are two options, ei-
ther the effective temperature or the luminosity
(or a photometric proxy). The luminosity has the
problem that model derivations are sensitive to
the age for pre-main sequence objects that are still
contracting. In addition, measurements can be af-
fected by extinction as well as excess emission from
disk and/or accretion. The effective temperature
is problematic for other reasons; it depends on at-
mosphere models and can be altered by magnetic
activity (Stassun et al. 2012). This can lead us to
underestimate object masses by up to a factor of
two.
For our chosen samples, accurate multi-band
photometry is available, while the spectroscopic
follow-up is not complete. Therefore, we will rely
on photometry in the optical and near-infrared
to estimate masses. We complement the 2MASS
photometry provided by Gutermuth et al. (2009)
with optical photometry from Luhman (1999) and
Luhman et al. (2003) for IC348 (Landolt R- and
I-band) and from SONYC-I for NGC1333 (Sloan i-
and z-band)1. For some objects without 2MASS
near-infrared magnitudes, we were able to com-
plement the dataset using the photometry from
Muench et al. (2003) for IC3482 and SONYC-I
for NGC1333. In total, the samples contain 142
(for IC348) and 95 (for NGC1333) objects with
photometry in JHK, with smaller subsets of 86
(IC348) and 23 (NGC1333) with additional opti-
cal magnitudes available.
For the objects with 2MASS photometry, we
also obtain the error as listed in the database
(mostly between 0.03 and 0.05mag). Similarly,
the photometry from Muench et al. (2003) pro-
vides errors for all measurements. For the remain-
ing photometry, errors for individual objects are
not reported in the literature. For the optical mag-
nitudes in IC348, we adopt a generic and conserva-
tive uncertainty of 0.1mag. For the SONYC mag-
nitudes in NGC1333, we adopt errors of 0.1mag
for the optical bands and 0.05mag for the near-
infrared bands.
Based on the information given in the papers
listed above, the error values adopted for the op-
tical photometry should be typical for the sam-
ples. However, some objects might be affected by
additional uncertainties introduced to calibration
imperfections. Since the z- and I-bands are lo-
1available from http://browndwarfs.org/sonyc
2downloaded from
http://flamingos.astro.ufl.edu/sfsurvey/datarelease.html
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cated at the long-wavelength edge of the sensitiv-
ity of the optical CCDs, they are highly suscepti-
ble to colour terms in the calibration, which are
difficult to measure with the usual photometric
standard stars. This can introduce errors larger
than 0.1mag in individual sources, which cannot
be quantified accurately. This issue is a particular
problem for very red sources, since most of their
optical flux is emitted in the part of the spectrum
where the CCD sensitivity declines.
We derive masses using three different sets of
isochrones from the Lyon group, BT-Settl (with
AGSS2009 opacities), BT-Dusty (with AGSS2009
opacities), and BT-Nextgen (with GNC93 opaci-
ties).3 The latter two are updated versions from
the standard AMES-Dusty and Nextgen models.
The main difference between the three sets is
the treatment of dust. In contrast to Nextgen,
Dusty includes dust opacities. Settl includes a full
dust cloud model. For more information on the
isochrones, see Allard et al. (2011, 2001). Note
that atmospheric dust becomes a major source
of opacity for Teff . 2500K (Helling et al. 2008),
corresponding to M . 0.02M⊙ for young brown
dwarfs, which is the low-mass limit in our analy-
sis, thus, the treatment of dust should not have a
major effect on our results. The isochrones pre-
dict absolute magnitudes as a function of object
mass in all photometric bands for which observa-
tions are available. They cover the range from
0.02M⊙ or below to 1.4M⊙ and are available for
ages starting from 1Myr, which is adequate for
our purposes.
To compare the observed with the predicted
magnitudes, we first shift the isochrones from ab-
solute magnitude to the distance of our target re-
gions, which enters here as a free parameter (see
Sect. 2.3). We also re-bin the isochrones to a
uniform stepsize of 0.01M⊙, using a linear inter-
polation over a small portion of the isochrone. We
then calculate a series of reddened isochrones for
AV = 1 − 20mag in steps of 1mag. For this
step, the choice of the extinction law is impor-
tant (see Sect. 2.3). The upper limit is chosen
to be 20mag, for two reasons. First, independent
studies indicate that only a small fraction in the
Perseus star forming complex exceeds this extinc-
3downloaded from
http://phoenix.ens-lyon.fr/simulator/index.faces
tion value (Lombardi et al. 2010). Second, beyond
this value the samples are biased towards bright
sources, thus, incompleteness becomes an issue.
After these preparations, the best fit for mass
and AV is determined with a χ
2 minimization.
The number of degrees of freedom in this process
is the number of photometric bands for which data
is available (N = 3 to 5) minus the number of free
parameters (mass and AV , i.e. 2). For each ob-
ject, we saved the combination of mass and AV
that results in the minimum value for χ2, the cor-
responding reduced χ2 (χ2
r
, i.e. χ2 divided by the
number of degrees of freedom) and the number of
available bands N . Objects with best fit value of
AV = 20 are discarded from the analysis – since
this is the upper limit in our grid of isochrones,
their mass estimate is not reliable. A typical ex-
ample of the resulting χ2
r
plotted vs. the best mass
estimate is shown in Fig. 2, left panel. This figure
reveals that the procedure produces similar fitting
results for high- and low-mass objects and for ob-
jects with and without optical photometry. We
also show a typical AV vs. mass plot from this
procedure (Fig. 2, right panel). The upper limit
in AV is not changing significantly with mass, i.e.
there is no evidence for an extinction bias in these
samples (apart from the AV < 20 cutoff).
The distribution of reduced χ2 can in princi-
ple be used to assess the goodness-of fit for our
mass estimates. For a good fit, we expect χ2
r
to
have an average of 1.0 and a standard deviation
of ∼
√
2/N . However, as shown in Fig. 2, our
procedure yields significantly higher values in χ2
r
.
This indicates that either the model does not re-
flect the data well or that the errors are underes-
timated. In our case, the high values for χ2
r
are
mostly explained by the fact that our model is
discretely sampled in mass-AV space. The step-
size in mass and AV results in magnitude steps
that are often larger than the typical photomet-
ric error. In addition, in some cases the errors of
the optical photometry may be underestimated,
see above. Therefore, we only use the procedure
to select the best fit solution.
2.3. The scenarios
In our estimation of masses from photometry,
the distance, age, as well as the extinction law,
expressed in the quantity RV = AV /E(B−V ), are
considered free parameters. In addition, we have
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Fig. 2.— Results from the fitting procedure for scenario #1 (see Table 1). Left panel: Reduced χ2 values
vs. mass estimate, 6 additional datapoints with χ2r > 100 are not plotted. Right panel: best fit AV vs. best
fit mass estimate. Datapoints for IC348 are shown as plusses, those for NGC1333 as crosses. Objects with
optical photometry are shown in blue.
to choose the theoretical isochrone. What we call
’scenarios’ in the following are combinations of
isochrone, distance, age, and extinction law for
which we estimate masses. These scenarios have
been chosen to cover the plausible range of these
parameters and to give insight into the impact of
the specific choice of a parameter or an isochrone
on the mass estimates. In the following, we justify
the choice of the range of the parameters.
For the extinction, we use the parameterised
law by Cardelli et al. (1989), with RV = 3.1,
the canonical value used for the ISM. This law
yields extinction offsets that are consistent with
the often-used extinction values published by
Schlegel et al. (1998). In reality, RV depends on
the grain properties and is not the same for every
line of sight; Cardelli et al. (1989) report values
ranging from 2.6 to 5.6, with the overwhelming
majority (22 out of 27 cases) below 4.5. We there-
fore use RV = 4.5 as an alternative value to be
able to assess the impact of the choice of RV on
the mass estimates.
The distances to the two clusters are not well
constrained. The entire Perseus cloud is usu-
ally assumed to have an average distance of ∼
300pc, which we use as a default value. Based on
the Hipparcos parallaxes for the early-type stars
de Zeeuw et al. (1999) estimate 318±27pc for the
cloud. Based on a kinematical analysis of a much
larger sample of A stars, Belikov et al. (2002) in-
fer 300pc (270-330pc). However, there are indi-
cations that NGC1333 is located at a shorter dis-
tance. Hirota et al. (2011) report a distance of
235pc for NGC1333 based on interferometry of
the maser emission from a source that may be as-
sociated with the cluster. This is also consistent
with an earlier photometric estimate of the dis-
tance of NGC1333 (220 pc) by Cernis (1990). In
addition, Lombardi et al. (2010) suggest, based on
extinction map analysis, that the northern part
of the Perseus region (where IC348 is located)
is slightly more distant than the southern part
(where NGC1333 is located). To take this into
account, we use a distance of 230pc as an alterna-
tive value, noting that this is only a viable option
for NGC1333.
The ages that are typically quoted are 2-
4Myr for IC348 and 1-3Myr for NGC1333 (see
Bally et al. 2008, and references therein). Judg-
ing from model-independent indicators of evo-
lutionary state (fraction of objects with disks,
fraction of objects in Class I stage, luminosity
function), NGC1333 is definitely younger than
IC348, and both are clearly younger than star
forming regions with established ages of 5-10Myr
like Upper Scorpius and the TW Hydrae Asso-
ciation (e.g. Lada et al. 1996; Haisch et al. 2001;
Gutermuth et al. 2008). In the context of our
study, the relevant quantity is not the age of the
cluster, but the average age of the objects con-
tained in our samples, which may not include
the youngest, embedded population because we
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require a near-infrared detection. In fact, we
showed in SONYC-IV that most of the very low
mass objects in NGC1333 are consistent with an
age of 1-5Myr, based on their position in the
Hertzsprung-Russell diagram. Therefore, we use a
default value of 3Myr, which is plausible for both
clusters. To assess the influence of the age on the
mass estimates, we additionally estimate masses
for an age of 1Myr.
To evaluate the impact of the choice of the pa-
rameters, we define 6 scenarios for which we esti-
mate object masses. These scenarios are listed in
Table 1. The default scenario #1 uses a distance
of 300 pc, an age of 3Myr, RV of 3.1, and the BT-
Settl model, which has the most recent opacities
and the most advanced treatment of dust. In sce-
narios #2 to #4 we vary the cluster parameters.
In scenario #2 we use the younger age of 1Myr, in
#3 the alternative distance of 230pc, and in #4
the alternative value for RV of 4.5. In scenarios
#5 and #6 we switch to the Nextgen and DUSTY
isochrones.
From the resulting mass distribution in a given
scenario, we derive the cumulative distribution of
object masses, i.e. the fraction of objects below a
given mass, as a function of mass. These plots are
shown in Fig. 3. For each scenario, we determine
the number of objects with 0.03 ≤ M ≤ 0.08M⊙
(BDs) and with 0.08 < M < 1.0M⊙ (stars) and
calculate the star/BD ratio R. To be able to
compare with the literature, we also calculate the
slope of the mass function α for the power-law pa-
rameterisation dN/dM ∝M−α, directly from the
star/BD ratios, i.e. using two bins in mass, one for
BDs and one for stars. In addition, we derive the
median mass M for each scenario. The resulting
parameters for the 6 scenarios are given in Table
1.
2.4. Error budget
An important part of this work is to evaluate
the errors in the derived parameters. In our cho-
sen experiment, five factors contribute to the un-
certainties:
1) Sample size: The part that is easiest to
quantify is the statistical uncertainty, which is
purely determined by the sample size. For this
paper, we use the same approach as in SONYC-
IV, which is based on the IDL scripts presented in
Cameron (2011). In short, we calculate Bayesian
confidence intervals from the beta distribution.
We note that for large samples this procedure gives
results that are very similar to binomial confidence
intervals. The resulting values are listed in Ta-
ble 1, column 8. Typically, the sample size intro-
duces an error in R of about ±0.3-0.9 for IC348
and ±0.5-0.6 for NGC1333.
2) Models: Masses are only defined in rela-
tion to evolutionary models, and at young ages the
deficiencies of the available tracks are well docu-
mented (Baraffe et al. 2002; Wuchterl & Tscharnuter
2003). However, at the moment no tracks with
self-consistent treatment of the collapse and in-
fall are available to the community.4 Based on a
dynamical mass estimate for the very low mass
pre-main sequence object AB Dor C, which is
older than our target regions, Close et al. (2005)
claim that the existing mass-luminosity relations
underestimate masses by a factor of about two for
young objects, but this claim has been questioned
(Luhman & Potter 2006). At young ages and very
low masses, the only direct benchmark test for
these tracks is the eclipsing brown dwarf binary
2M J05352184-0546085 (Stassun et al. 2007). The
Baraffe et al. isochrones fail to reproduce the sur-
prising temperature reversal in this object (i.e.
the more massive object is cooler than the sec-
ondary), an effect that is likely related to the
presence of strong magnetic fields on the pri-
mary (Stassun et al. 2012). The luminosities of
the two components, however, are consistent with
the isochrones. Irwin et al. (2007) have discovered
and analysed a very young eclipsing binary with
component masses around ∼ 0.2M⊙; that system
confirms the isochrones within the errorbars as
well. Thus, while more work is required to cal-
ibrate the isochrones, some preliminary trust in
their validity seems warranted.
3) Cluster parameters: As discussed in Sect.
2.2, several properties of the clusters affect the
mass estimates, in particular the distance, the
age, and the extinction law. From our set of sce-
4If, in a hypothetical future, evolutionary tracks are linked
with the initial conditions via realistic models for collapse,
infall, and dynamical evolution in clusters, one would di-
rectly compare the predicted with the observed luminosity
functions or HRDs. The semi-empirical estimate of IMFs
for star forming regions, as it is done in this paper and in
many others in the literature, would become obsolete.
7
Fig. 3.— Cumulative distribution of objects as a function of mass (i.e. the fraction of objects below a given
mass). Shown are the results for all 6 scenarios from Table 1. The parent sample for these plots has AV < 20
and M ≤ 1.0M⊙.
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Table 1
Results from mass estimates for IC348 and NGC1333
cluster no D (pc) t (Myr) model RV R Min-Max
a Min-Maxb α M
IC348 1 300 3 BT-Settl 3.1 3.6 (96/27) 2.8-4.4 2.6-4.1 0.72 0.27
IC348 2 300 1 BT-Settl 3.1 2.1 (88/42) 1.7-2.5 1.5-2.9 0.95 0.13
IC348 3 230 3 BT-Settl 3.1 1.9 (84/45) 1.5-2.2 1.3-2.1 1.00 0.16
IC348 4 300 3 BT-Settl 4.5 3.2 (94/29) 2.6-4.0 2.7-4.3 0.76 0.26
IC348 5 300 3 BT-Nextgen 3.1 4.0 (99/25) 3.1-4.9 3.4-5.5 0.67 0.19
IC348 6 300 3 BT-Dusty 3.1 2.9 (92/32) 2.3-3.5 2.4-3.4 0.81 0.22
N1333 1 300 3 BT-Settl 3.1 2.2 (43/20) 1.6-2.8 1.9-2.5 0.94 0.27
N1333 2 300 1 BT-Settl 3.1 2.1 (47/22) 1.6-2.7 2.0-2.5 0.94 0.13
N1333 3 230 3 BT-Settl 3.1 2.4 (47/20) 1.8-3.0 2.2-2.4 0.90 0.18
N1333 4 300 3 BT-Settl 4.5 2.0 (43/21) 1.6-2.6 1.9-2.5 0.96 0.30
N1333 5 300 3 BT-Nextgen 3.1 2.2 (44/20) 1.7-2.8 1.9-2.6 0.93 0.18
N1333 6 300 3 BT-Dusty 3.1 1.9 (42/22) 1.5-2.5 1.8-2.0 0.99 0.22
aStatistical uncertainties for R, only dependent on sample size
bMin-max range in R based on the number of objects close to the substellar limit, see Sect. 2.4
narios documented in Table 1 (scenarios 1-4) we
can assess how the uncertainties in these param-
eters propagate through the procedure. In gen-
eral, changes in age and distance cause significant
changes in the estimated mass distribution, while
a change in the extinction does not. For NGC1333,
the induced variations in the star/BD ratios are
small; R varies from 2.0 to 2.4, smaller than the
statistical uncertainties. For IC348, the scatter
is larger, from 1.9 to 3.6, but excluding the im-
plausible scenarios with age of 1Myr and distance
of 230pc this range shrinks to 3.2-3.6. We note
that the star/BD ratio increases somewhat with
assumed age. For example, for IC348 and an (un-
likely) age of 5Myr we obtain R = 6.7. This is
easy to understand – as the objects evolve, they
become fainter i.e. the same magnitude corre-
sponds to a larger mass. As a result, objects move
from the substellar to the stellar domain, and the
star/BD ratio increases.
4) Completeness: The samples we are using
have the same depth and completeness, in terms
of magnitudes, which eliminates one major source
of uncertainty. However, in terms of object masses
the depth of the survey depends on the assumed
distance and age. Assuming a shorter distance, as
well as a younger age, will produce lower masses
for the same magnitudes, i.e. the entire mass dis-
tribution would be shifted to lower masses, in-
cluding the limits for completeness. For our de-
fault scenario with age of 3Myr and distance of
300pc, the magnitude limit of the samples corre-
ponds to ∼ 0.02M⊙. The alternative distance of
230pc (scenario #3) implies a magnitude shift by
0.6mag. According to BT-Settl isochrones, this
translates to a mass limit of 0.015M⊙. The al-
ternative age of 1Myr (scenario #2) yields a new
mass limit of 0.012-0.015M⊙. Thus, in these sce-
narios we would be sensitive to slightly lower mass
objects, but since the object density is very low in
this mass domain, this has only a minuscule effect
on the mass distibution. Furthermore, it is not
going to affect the star/BD ratios.
5) Degeneracy: In many cases there are mul-
tiple mass/AV combinations that fit the data with
a similar χ2. In particular, for an object with a
best mass estimate around the Hydrogen burning
limit (0.07-0.09M⊙) this method is unable to dis-
tinguish between a star and a BD. As an estimate
of the introduced uncertainty in R we selected all
objects in this mass regime and included them first
in the BD count (for the lower limit of the star/BD
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ratio) and then in the star count (for the upper
limit). The resulting ranges in R are listed in Ta-
ble 1, column 9. These intervals are ±0.1-0.3 for
NGC1333 and ±0.5-1.0 for IC348. We note that
the degeneracy is less of a problem for the two
other mass thresholds involved in the calculation
of R (0.03 and 1.0M⊙), simply because the num-
ber of objects around these limits is low.
Combining these error sources, the values of R
are affected by an uncertainty of approximately
±1 for the two samples studied here. Currently
this is about the best that can be done in terms
of estimating this indicator for young star forming
regions. This translates to an uncertainty of about
±0.1 in the power-law slope α. The median of the
mass function can be estimated with an accuracy
of ±0.1M⊙ for nearby star forming regions.
Looking ahead, there are obvious ways to lower
these uncertainties. First, future evolutionary
tracks need to include realistic initial conditions
and require more detailed calibration (e.g., with
eclipsing binaries). Second, the extinction param-
eters need to be studied in more detail for individ-
ual regions. Third, independent estimates for the
(relative or absolute) ages of young clusters are
needed. Fourth, the accuracy in the distances of
these clusters (and many other well-studied star
forming regions) should be improved. In this re-
spect, the Gaia satellite will be a major oppor-
tunity, as it is anticipated to be able to mea-
sure distances with 1% accuracy for open clusters
within 1 kpc (Prusti 2011), a huge improvement
over the current estimates. Fifth, it is a worth-
while goal to obtain comprehensive sets of multi-
filter photometry for star forming regions. And
sixth, additional survey work in rich star forming
regions with significantly more members (factor
10 or more) than the well-studied nearby regions
can be used to minimize the statistical uncertain-
ties. However, since these regions are only found
at large distances of > 2 kpc, such studies have to
be postponed until larger facilities, namely JWST
or ELTs, are available.
3. Results
3.1. The cumulative distribution
Our procedure yields for each scenario and for
each cluster a distribution of masses. Prior to cal-
culating parameters for the IMF, we examine these
distributions directly. In Fig. 3 we show for all
6 scenarios the cumulative distribution of object
masses, i.e. the fraction of objects below a given
mass, as a function of mass. We compare the 36
combinations of the functions shown in Fig. 3 (6
for IC348 and 6 for NGC1333) with a Kolmogorov-
Smirnov (KS) test to search for differences in the
mass distribution. By doing that, we test the null
hypothesis that two given distributions are drawn
from the same parent distribution. In Table 2 we
list the probabilities that this hypothesis is valid.
For 14 out of 36 combinations, this probability
is < 5%, i.e. the null hypothesis should be re-
jected. 6 of them are combinations that include
scenario #5 for NGC1333, i.e. the one that uses
the Nextgen isochrone. This scenario produces
an unusual large number of low-mass BDs (0.02-
0.05M⊙) for NGC1333, which causes the discrep-
ancy with other distributions. This shows that
apparent differences in the mass distribution of
young clusters can be introduced simply by the
choice of the isochrone. We caution against com-
paring mass distributions derived with inconsis-
tent isochrones.
7 further combinations of scenarios with sig-
nificant differences in the mass distribution in-
clude scenario #2 for one of the clusters, i.e. the
scenario with an age of 1Myr. As an example,
we show in Fig. 4 (left panel) a comparison be-
tween the default scenario for IC348 and scenario
#2 for NGC1333. From this figure the origin of
the difference is clear – the mass distribution for
NGC1333 shows a pronounced ’knee’ at 0.15M⊙.
However, the mass distribution in IC348 gives al-
most exactly the same ’knee’ when assuming an
age of 1Myr (upper left panel in Fig. 3). This
effect is best explained by the ’knee’ in the mass-
luminosity relation at this age, which is predicted
to become weaker with age. The resulting dif-
ferences in the mass distribution cannot be at-
tributed to environmental differences.
The combination of the default scenario for
IC348 and scenario #3 for NGC1333 produces a
significant difference as well (see Fig. 4, right
panel). This combination assumes the shorter
distance of 230 pc for NGC1333. We note that
three further combinations with this assumption
give marginally significant differences with prob-
abilities between 5-10%. As explained in Sect.
2.3, multiple independent studies indicate that
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Table 2
Probability that two cumulative distributions of object masses are drawn from the same
parent distribution. Combinations with significant differences are marked.
Scenario N1333-1 N1333-2 N1333-3 N1333-4 N1333-5 N1333-6
default t = 1Myr D = 230pc RV = 4.5 Nextgen Dusty
IC348-1: default 0.26 0.02 0.04 0.50 0.001 0.17
IC348-2: t = 1Myr 0.002 0.49 0.10 0.003 0.01 0.002
IC348-3: D = 230pc 0.32 0.33 0.32 0.39 0.03 0.32
IC348-4: RV = 4.5 0.26 0.003 0.05 0.13 0.001 0.17
IC348-5: Nextgen 0.80 0.016 0.30 0.76 0.02 0.54
IC348-6: Dusty 0.47 0.02 0.08 0.74 0.004 0.32
NGC1333 is located at a shorter distance than
IC348, thus, this scenario is plausible.
In summary, his comparison shows that the
choice of the cluster parameters and the choice
of the isochrone can have noticable effects on the
estimated distribution of object masses. We find
that there could be significant differences in the
mass distributions between the two clusters, if
NGC1333 is at a shorter distance than IC348. In
this case, our analysis indicates a larger proportion
of very low mass objects with masses < 0.3M⊙ in
NGC1333.
3.2. The star/BD ratio
From the mass distributions in the 6 scenarios
we calculated the star/BD ratio, see Table 1 for
the results. For the cluster NGC1333, our 6 sce-
narios give star/BD ratios of 1.9-2.4, which is a
range comparable to the statistical uncertainties
(see Sect. 2.4). This means that our previous es-
timate for this cluster from SONYC-IV (R ∼ 2.3)
is confirmed.
For IC348, we find a wider range of values
between 1.9 and 4.0. These values imply that
star/BD ratios reported in the literature for
IC348 of ∼ 8 (Luhman et al. 2003; Andersen et al.
2008) are overestimated. A possible reason for
these large values is survey incompleteness or
low number statistics. As explained in Sect.
2.4, the star/BD ratio depends on age, there-
fore these large star/BD ratios in the literature
would become viable if IC348 is in fact signifi-
cantly older than 3Myr. This is unlikely, as age-
dependent observable quantities like the disk frac-
tion are comparable to other 2-3Myr old clusters
(Dawson et al. 2013).
For IC348 an age of 1Myr and a distance of
230pc are not plausible (Sect. 2.3). Excluding
the scenarios using these parameters gives a range
for R between 2.9 and 4.0, which is our best esti-
mate for this cluster. These values are somewhat
larger than in NGC1333, although still within the
margin of error. For example, for the default case
the star/BD ratio is 3.6 for IC348 with a lower
limit of 2.6, and 2.2 for NGC1333 with an upper
limit of 2.5. This is before taking into account
the statistical uncertainties. Thus, based on the
star/BD ratio the evidence for regional differences
in the mass distribution of IC348 and NGC1333 is
tentative.
3.3. Other parameters
In Table 1 we also report two other quanti-
ties that are used in the literature to describe the
IMF. The power-law slope of the mass function
α is directly determined from the star/BD ratio
and thus reflects the same trends reported in Sect.
3.2. For NGC1333, α is 0.9-1.0; for IC349 0.7-1.0,
or 0.7-0.8 after excluding the implausible scenar-
ios. Note that the slope is an average value for
the mass range 0.03 to 1.0M⊙; therefore it is not
unexpected to find values somewhere between the
tyipcal slope of 1.3 in the regime of low-mass stars
(Kroupa 2001) and the typical value of ∼ 0.6 in
the very low mass regime (see SONYC-IV).
Independent from the star/BD ratio, we deter-
mine the median mass for each scenario. These
values vary between 0.13 and 0.30M⊙, again in-
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Fig. 4.— Cumulative distribution of objects as a function of mass (i.e. the fraction of objects below a given
mass). Shown are two cases for which the distribution in IC348 is significantly different from the one in
NGC1333. The parent sample for these plots has AV < 20 and M ≤ 1.0M⊙. In both cases the default
scenario #1 is used for IC348. In the left panel, we use scenario #2 for NGC1333, which assumes an age of
1Myr. In the right panel, we use scenario #3 for NGC1333, which assumes a distance of 230 pc.
dicating that the choice of the cluster parameters
and the choice of the isochrone affect the results
considerably. For a given scenario, the two clusters
have very similar median masses (maximum differ-
ence is 0.04M⊙ for scenario 4). Increasing age and
distance will also increase the median mass. Note
that Alves de Oliveira et al. (2013) have recently
determined the mass function for IC348 from a
different survey and find a characteristic mass (in
the lognormal mass function) of 0.21-0.22M⊙ con-
sistent with the values derived here.
4. Implications for brown dwarf formation
In Sect. 3 we established that differences in the
mass distributions of the two clusters are signifi-
cant, if NGC1333 is closer than IC348. In addi-
tion, there is tentative evidence that the star/BD
ratio in IC348 is slightly larger than in NGC1333.
Given that our two target regions differ in object
density by a factor of 4-7 (Sect. 2.2), this finding
can in principle be used to put constraints on the-
ories for BD formation in which the stellar density
is a critical parameter for the yield.
One popular scenario to form BDs is as part of
dynamical cluster formation. Here, very low mass
objects are removed from their accretion reser-
voir by dynamical ejections and thus stop their
growth; the final mass is set by the competition
between accretion and ejection (Bate 2012). In
this model the efficiency of BD formation is partly
controlled by the likelihood for dynamical encoun-
ters which is related to the object density. The
most recent radiation-hydrodynamical simulations
by Bate (see their Table 1) are comparable to the
clusters studied here in terms of initial cloud mass
and number of objects produced. The simulations
yield star/BD ratios (> 2.6, > 4.1) and median
masses (0.21, 0.24M⊙) that are consistent with
our empirical results. However, the impact of ob-
ject density is difficult to judge, since the simula-
tions have only been carried out for a very limited
set of initial conditions.
Another way to form BDs that has been sug-
gested in the literature is gravitational frag-
mentation of infalling gas into a stellar cluster
(Bonnell et al. 2008). Here the potential well,
and thus the object density in the cluster, is a
critical parameter for the efficiency of BD forma-
tion. The BDs and very low mass objects are
expected to be formed preferentially in regions
with high stellar density. Qualitatively the pre-
dictions from this scenario are confirmed by our
analysis: Under plausible assumptions, the denser
cluster NGC1333 has indeed a larger fraction of
very low mass stars and brown dwarfs (see Sect.
3.2).
Their figure 7 shows the BD fraction as a func-
tion of object density from their simulations. The
two regions investigated in the current paper are
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both at the low end of the considered densities
(1-100pc−3). For these densities, the predicted
BD fractions are between 7 and 13%. In their
paper the BD fraction is calculated as the num-
ber of BDs divided by the total number of ob-
jects. From our mass distributions, this quantity is
∼ 20% in IC348 and ∼ 30% in NGC1333, i.e. the
predicted values are lower than the observed one.
If this formation mechanism plays a role and the
predictions are realistic, it could only contribute
about one third to half of the BDs in the clus-
ters. Other mechanisms, for example disk frag-
mentation followed by the ejection of embryonic
or proto-brown dwarfs (Stamatellos & Whitworth
2009; Basu & Vorobyov 2012), could contribute to
the final tally of substellar objects in the young
clusters.
Judged by their figure 7, an increase in the ob-
ject density by one order of magnitudes would re-
sult in an increase in the BD fraction by a fac-
tor of about 2. This is consistent with the ob-
served difference between IC348 and NGC1333,
although such a difference is, as explained in Sect.
3.2, still within the uncertainties. Therefore, the
scenario remains viable, but cannot be rigorously
verified with the current surveys. An important
test for the theory would be the measurement
of the BD fraction in a cluster that is signifi-
cantly denser than NGC1333, such as RCW38
(Wolk et al. 2008) or the Orion Nebula Cluster.
So far, the survey results in the ONC give incon-
sistent answers regarding the frequency of very low
mass objects (Andersen et al. 2011; Da Rio et al.
2012).
The aforementioned scenario for brown dwarf
formation via disk fragmentation could also result
in a star/BD ratio that depends on stellar den-
sity, if some of the fragmentation processes are
driven by stellar encounters (Thies et al. 2010) or
disk-disk collisions (Shen et al. 2010). Stellar en-
counters could also facilitate the ejection of bound
brown dwarf companions from their host stars
(Goodwin & Whitworth 2007). With these ad-
ditional mechanisms, disk fragmentation models
would again produce more brown dwarfs in a re-
gion with higher stellar density, which is qualita-
tively what we find to be the case. However, the
expected magnitude of this effect has not been es-
timated yet.
As pointed out in Sect. 2.1, the current stel-
lar densities in IC348 and NGC1333 are prob-
ably representative of their primordial densities
(Gieles et al. 2012; Moeckel et al. 2012). With
constant star formation rate, these should scale
with the gas density in the original cloud. Un-
der these assumptions, we can also put limits on
scenarios for brown dwarf formation through tur-
bulent fragmentation. According to the model
presented by Padoan & Nordlund (2002), a factor
of 5 in density enhancement should amount to
a very large increase (about an order of mag-
nitude, see their Fig. 1) in the number of
brown dwarfs. In the gravoturbulent picture
(Hennebelle & Chabrier 2009) the effect seems to
be similar. Qualitatively the result is as seen in
the Perseus clusters (i.e. the denser cluster pro-
duces more brown dwarfs), but the magnitude of
the effect is much larger than what we derive.
However, differences in other cluster parameters,
for example in the Mach number, could partially
erase the predicted effect. Since their predictions
depend heavily on initial conditions, it is doubtful
whether empirically derived IMFs can provide a
meaningful test for these models.
An important caveat in our analysis is the fact
that what we derive is a snapshot of the mass
distribution, which may not necessarily represent
the IMF. This is particularly relevant because
NGC1333 is at an earlier evolutionary state than
IC348 and might become as rich as its sibling at
the other side of the Perseus star forming complex
(Lada et al. 1996). In the typical picture of clus-
ter formation, however, lower mass objects form
later (e.g. Bate 2012, their Fig. 8), thus, if addi-
tional formation processes in NGC1333 have any
effect on the mass distribution, they are expected
to amplify the observed discrepancy with IC348.
For the comparison with the models quoted above,
which typically only predict a mass distribution of
cores, not an IMF, this issue is not of practical rel-
evance.
5. Summary
We present a systematic study of the mass dis-
tribution in the two young open clusters IC348 and
NGC1333, with specific emphasis on the substellar
regime. These two regions are of specific interest
because NGC1333 has a higher spatial density (by
a factor of 4-7). In the following we list our most
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important findings.
1. The mass distribution as well as the param-
eters derived from it, e.g., the star/BD ratio
R or the median mass, is significantly af-
fected by the choice of the isochrone used
to estimated masses and the choice of the
cluster parameters. Therefore, we caution
against comparing IMF parameters derived
using different assumptions.
2. If NGC1333 is in fact closer to the Sun than
IC348, as indicated by several independent
studies, there is a significant difference in the
mass distributions of these two clusters, in
the sense that NGC1333 harbours a larger
fraction of very low mass stars and brown
dwarfs.
3. The star/BD ratio in NGC1333 is 1.9-2.4
in NGC1333, consistent with previous es-
timates, and 2.9-4.0 in IC348, significantly
lower than in previous estimates. The com-
bined uncertainty in these values is approxi-
mately±1, but can be lowered with more ac-
curate distance estimates and age estimates.
If confirmed, these values would point to a
larger fraction of brown dwarfs in NGC1333.
4. These results (2 and 3) indicate that the rel-
ative number of very low mass objects in a
star forming regions may depend on the stel-
lar density, in the sense that regions with
higher density (such as NGC1333) produce
more very low mass objects. At this point,
this conclusion is only based on two clusters
and needs to be verified in other regions.
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